Computational and experimental performance analysis of a novel method for
, which reduces the COP of the heat pump system significantly compared to a situation, where the 117 domestic cold water is heated to the required temperature of DHW in several steps. 118
The basic thermodynamic principle of a five-step heating process of DHW using the R410A refrigerant, a commonly 119 used refrigerant in modern commercially manufactured GSHP systems, is presented in Fig. 1 [35] . The data presented in 120 Fig. 1 is calculated using the thermodynamic properties of the R410A refrigerant. The heating of DHW from 5 °C to 55 °C 121 is divided into 5 steps, which improves the overall COP of the heating process, as the condensing pressure of R410A is 122 significantly lower at low condensing temperatures and increases exponentially, when the condensing temperature 123
increases (see Fig. 1 ). By dividing the heating of DHW into multiple steps, the average condensing pressure of the over-124 all heating process decreases, thus improving the energy performance of the heat pump system significantly compared 125 to the situation, where the heat pump system maintains 60-65 °C temperatures in the heat storage tank at all times in 126 order to supply 55 °C DHW to occupants. The average condensing pressure of the five-step heating process of DHW is 127 approximately 22 bar using the R410A refrigerant ( Fig. 1) , whereas the average condensing pressure of the convention-128 al one-step heating process of DHW is approximately 42 bar with the R410A refrigerant. To further demonstrate the 129 thermodynamic effectiveness of the step-based heating process of DHW, the calculated indicative COP-values of each 130 step are also presented in Fig. 1 in a scenario, where the evaporating temperature is -5 °C, superheat of the refrigerant 131 in the evaporator is 3 K and the isentropic efficiency of the compressor is 75% [35] . 132 133 Fig. 1 . Basic thermodynamic principle of a five-step heating process of DHW using the R410A refrigerant. The average condensing 134 pressure of each step is presented as a function of the condensing temperature (evaporating temperature is -5 °C, superheat of the 135 refrigerant in the evaporator is 3 K and the isentropic efficiency of the compressor is 75%) [35] .
137
The five-step heating process of DHW presented in Fig. 1 is an example to demonstrate the basic thermodynamic 138 principle and the effectiveness of the step-based heating method in a specific case, where domestic hot water is heated 139 from 5 °C to 55 °C. In general, the optimum number of heating cycles should be selected according to the heat pump 140 and thermal storage applications used in the implementation. Majority of the commercially manufactured heat pump 141 units have been optimized to operate using specific temperature differences for the heat exchangers of both the evap-142 orator and the condenser. A typical temperature difference between the inlet and outlet brine of the evaporator is 3-5 143 K, whereas a typical temperature difference between the inlet and outlet water of the condenser is 6-8 K. This means 144 that a typical commercially manufactured heat pump unit can increase the temperature of the heating water (conden-145 ser side) by approximately 7 °C during one heating cycle. Therefore, the actual number of heating cycles using conven-146 tional commercial heat pump units is approximately 7-8, if DHW is heated from 5 °C to 55 °C and the stratification phe-147 nomena of water in the heat storage tank are also taken into account. 148 149
Operation of conventional GSHP system 150
The typical configurations of the conventional GSHP system applications (variable and fixed condensing operation) 151 are presented in Figs. 2 and 3. According to multiple on-site field measurements conducted by the authors, the overall 152 energy efficiency of both applications is similar, when heating of DHW is discussed. Both of the applications presented 153 in Figs. 2 and 3 utilize one step-based heating of DHW, where the DCW is heated from the inlet temperature directly to 154 the required temperature of DHW in the heat storage tank. This requires that the temperature of the heat storage tank 155 must be above 55 °C (typically 60-65 °C) at all times. 156 
164

Operation of GSHP system with step-based heating of DHW 165
The developed configuration of a GSHP system utilizing the step-based heating of DHW is presented in Fig. 4 . The 166 main challenge related to the step-based heating of DHW is the temperature requirement of DHW. To maximize the 167 energy efficiency improving benefits of the method, the heating of DHW should be started from the inlet temperature 168 of domestic cold water, which is typically 5-10 °C, depending on both the season of the year and the location of the 169 building. However, 55 °C DHW should be available to occupants at the same time and it is challenging to meet both of 170 these criteria simultaneously. For this reason additional heat storage tanks and more advanced control of the heating 171 process are required (see Fig. 4 ). 172 
176
The operation principle of the GSHP system utilizing the step-based heating of DHW is as follows (Fig. 4) : 177  the GSHP system starts to heat tank 1, which is at the temperature of DCW (7 °C) in the beginning of the 178  tank 1 is gradually heated from the initial temperature of 7 °C to the target temperature of 50-55 °C using 184 exchange valve 0 (connection a is closed and b is open) and the heat exchanger. The GSHP system is 185 equipped with variable condensing operation and the DHW is heated using the step-based heating pro-186 cess with 7-8 steps (see Fig. 1 for the thermodynamic principle of a five-step heating process), as the tem-187 perature increase of DHW is approximately 7 °C in each step. When the condensing temperature is high 188 enough, the superheat circuit is started and the superheat energy is discharged to tanks 3 and 4, according 189 to the temperature levels of both the superheat and tanks 3-4. The superheat circuit in tanks 3 and 4 is 190 connected in series using heating coils so that tank 4 is heated first and tank 3 is heated second; 191  tanks 2-4 are discharged during the heating process of tank 1 by delivering DHW to occupants. When the 192 temperature of tank 2 has decreased to the temperature of DCW (7 °C), the heating of DHW is switched to 193 tank 2 and the heating process is started from the beginning as with tank 1.  during the discharge of tank 2, the temperature of the tank is decreased from the initial temperature of 198 50-55 °C to the temperature of DCW (7 °C). However, the required temperature of DHW is maintained at 199 all times, as the temperatures of tanks 3 and 4 are higher (55-60 °C for tank 3 and 60-67 °C for tank 4) and 200 all tanks 2 (or tank 1 when the heating process is switched), 3 and 4 are connected in series. In addition, 201 the superheat received from heating of tank 1 is also used to heat tanks 3 and 4 during the discharge peri-202 od of tank 2, when the temperature level of the superheat circuit is high enough. 203
While the operation of the phased heating of DHW requires more control equipment than the conventional GSHP 204 system, the smart control strategy is well implementable using conventional building management software. According 205 to the previous on-site field studies conducted in existing buildings by the authors, the capacity of the superheat is 206 approximately 10-15% of the nominal capacity of the heat pump unit, e.g. 5-7 kW with a 50 kW GSHP unit. Previous 207 field measurements also demonstrate that as high as 90-95 °C outlet temperatures are achievable from the superheat 208 circuit, when the outlet temperature of the condenser is 57-60 °C. 209 210
Experimental analysis 211
Performance assessment of the studied GSHP systems 212
The energy performance of the studied GSHP systems was assessed by conducting measurements related to the 213 energy efficiency of the systems in DHW heating process. The space heating was excluded from the measurements. 214
Furthermore, the heating of DHW circulation system was also excluded from the testing setup. The installation princi-215 ples, which were used in the measurements, of both the conventional and the developed heat pump systems are pre-216 sented in Fig. 5 . The main components and measurements related to the testing procedure are also presented in Fig. 5 . 217 Fig. 5 . The installation principles used in the energy efficiency measurements of both the conventional heat pump system (above) 219 and the developed heat pump system application utilizing the step-based heating of DHW (below).
221
The energy performance of the heat pump systems was assessed by measuring the total heating energy produced 222 and the total electrical energy consumed by the systems and by using the following definition of the Seasonal Perfor-223 mance Factor (SPF), which is derived from the calculation of seasonal performance according to the EN 14825 standard 224 (1) 227 where: Qheat,total is the total heating energy produced by the heat pump system during the measurement period, in-229 cluding condensate and superheat, kWh; Qelectricity,HP+aux. is the total electrical energy consumed by the heat pump sys-230 tem and auxiliary equipment, such as circulation pumps and control equipment, kWh. However, the auxiliary heating 231 systems, such as electrical heating coils or back up heaters, were not included in the calculation of the SPF, as they were 232 not included in the testing setup (see Fig. 5 ). In the measurements of the study, the SPF presents the overall perfor-233 mance of the studied heat pump applications in heating of DHW. 234
The measurements were conducted at the heat pump measurement and test facilities of a Finnish heat pump 235
manufacturer Gebwell Oy. The tested heat pump unit was a Gebwell Taurus 90, which has two scroll-type compressors, 236 electronic expansion valve and a total heating capacity of 90 kW [37] . According to the manufacturer, the COP-values 237 (measured according to the EN 14511 standard [38, 39] ) of the tested heat pump unit are 4.5 (0/35 °C) and 3.2 (0/50 °C), 238 respectively [37] . Only one of the two compressors was used in the test measurements resulting in a 45 kW nominal 239 heating power output of DHW, as this scenario was determined to represent the actual average operating conditions of 240 the tested heat pump unit better, when monitored operation of installed GSHP systems is discussed. 241
While the testing procedure and measurement arrangements ( Fig. 5 ) do not accurately meet the requirements of 242 part 2 (test conditions) and part 3 (test methods) of the EN 14511 standard [38, 39] , the results of the measurements 243
give accurate information about the performance of both of the systems in dynamic operating conditions. In addition, 244 the measurement results of both of the studied systems are comparable with each other, which was the main objective 245 of the experimental analysis. The main measurement equipment used in the experimental analysis are presented in 246 Table 1 . All the measurement sensors and equipment were calibrated before the performance tests. The recording 247 resolutions of energy meters were 10 kWh for produced condensate and superheat energies and 1 kWh for consumed 248 electrical energy. The measurements included a total of three 16-hour measurement cycles for both of the studied heat 249 pump applications. The selected measurement cycle was determined to represent an average daily DHW consumption 250 profile of typical Finnish residential apartment buildings. 251 252 
DHW consumption profile 255
The daily DHW consumption was selected according to the power output of the tested heat pump unit to represent 256 a typical application, where the heat pump unit would operate in actual case apartment buildings. The tested heat 257 pump unit is normally used in applications, where the number of apartments is approximately 50. The average number 258 of occupants was assumed to be 1.5 occupants/apartment resulting in a total number of 75 occupants. The specific 259 DHW consumption of an occupant was assumed to be 56 dm 3 /occupant/day, which shows good agreement with the 260 recent DHW consumption-related studies and results in a 4200 dm 3 total daily consumption of DHW [11, 12, 17, 40] . The 261 DHW consumption profile used in the measurements is presented in Table 2 . The profile was determined to represent 262 an average DHW consumption profile of a Finnish apartment building. The supply temperature requirement of DHW 263 was selected to be 55 °C in the measurements according to the current Finnish building regulations [41] . The inlet tem-264 perature of domestic cold water varied according to the time of the day, but an average DCW inlet temperature was 265 approximately 7.5 °C in the measurements, respectively. 266 267 
Simulation method 271
The computational analysis was conducted using the IDA Indoor Climate and Energy 4.7 (IDA-ICE) simulation tool 272 and the Early Stage Building Optimization (ESBO) -plant model, which is integrated in the latest versions of IDA-ICE and 273
can be used to simulate the on-site renewable energy production systems as a part of dynamic energy simulation of 274 buildings. IDA-ICE is a versatile dynamic simulation tool for simulation of energy consumption, indoor air quality, ther-275 mal comfort conditions and on-site renewable energy sources, e.g. different heat pump systems and solar-based energy 276 production systems, in complex multi-zone buildings [42] [43] [44] [45] [46] [47] [48] . The reliability, accuracy and performance of IDA-ICE has 277 also been validated in numerous previous studies by measurements, field tests and comparisons to other validated 278 simulation tools [42] [43] [44] [45] [46] [47] [48] . 279
The studied heat pump applications were modelled according to Fig. 5 using the ESBO Plant model and appropriate 280 methodology and simplifications. The simulated heat pump unit was calibrated according to the technical performance 281 specifications of the Gebwell Taurus 90 heat pump unit using a detailed calibration methodology developed in previous 282 studies by the authors [49, 50] . The authors have also validated the integration of IDA-ICE and ESBO Plant model as an 283 accurate simulation method to be used in simulations of modern variable condensing heat pump systems [50] . The 284 performance of the simulated heat pump model was calibrated to correspond to the performance data of the Gebwell 285 
Studied simulation cases 290
The speed and consistency of the control strategy used in the simulation model are essential to accurately simulate 291 the step-based heating of DHW presented in Fig 5 . In order to ensure that 55 °C DHW is available to occupants at all 292 times and to maximize the energy efficiency of the heat pump system simultaneously, the heating of DCW must be 293 started at the optimum time and the step-based heating process of DHW must be optimally matched to the DHW con-294 sumption profile. The daily consumption profile of DHW used in the simulations was modelled according to Table 2 . To 295 study the effect of different control strategies and other essential factors on the energy efficiency and functionality of 296 the developed step-based heating of DHW, the following simulation cases were investigated: 297  loose control strategy: the temperature of DHW is allowed to vary and slightly decrease from the 55 °C re-298 quirement for short periods of time, the maximum variation of the temperature is set to 2.5 °C resulting in 299 a temperature set point range of 52.5 °C (minimum) to 55.0 °C (maximum); 300  regular control strategy: the temperature of DHW is not allowed to vary and is maintained at the 55 °C 301
(temperature set point range 54.8-55.0 °C) requirement level at all times, but the heat storage tanks of 302 DHW are not overheated in advance according to the predicted DHW consumption profile to ensure that 303 the temperature of DHW supplied to occupants is never below 55 °C; 304  tight control strategy: the temperature of DHW is not allowed to vary and is maintained at the 55 °C (tem-305 perature set point range 54.8-55.0 °C) requirement level at all times. The heat storage tanks of DHW are 306 also optimally overheated, avoiding unnecessary overheating, in advance according to the predicted DHW 307 consumption profile to ensure that the temperature of DHW supplied to occupants is never below 55 °C; 308  more efficient heat exchanger for heating of DHW (see Fig. 5 ): the minimum temperature difference be-309 tween the heated and cooled liquid flows (pinch point) of the 54 kW counter-flow heat exchanger used in 310 the measurements was approximately 3.5 K. An additional case was studied, where the minimum temper-311 ature difference was decreased to 2.0 K by using a larger and more efficient counter-flow heat exchanger 312 to determine the improvements in energy performance of the developed GSHP system. 313
The conventional heat pump system was modelled according to Fig. 5 and simulated by using a relatively tight con-314 trol strategy that corresponded to the control strategy used in the measurements of the experimental analysis. 315 316
Performance analysis in existing buildings 317
Studied case buildings 318
The developed GSHP system concept utilizing the step-based heating process of DHW has been installed in over 20 319 The site plan, main geometry and features of the case apartment buildings are presented in Fig. 6 . 341 Fig. 6 . The site plan (left) and main geometry (right) of the studied case apartment buildings.
344
Technical systems of the case buildings 345
The main heating system of the studied case buildings consists of two Gebwell Taurus 90 heat pump units and two 346 four-tank heat storage combinations (see Fig. 5 
362
Results 363
Experimental analysis 364
The performance measurements of the experimental analysis included a total of three 16-hour measurement cy-365 cles for both of the studied heat pump applications. The average temperatures of both the DHW and the DHW heat 366 storage tanks for the conventional and new developed GSHP systems are presented in Fig. 8 
378
While the targeted daily DHW consumption was 4200 dm 3 for both of the studied applications, the measured aver-379 age DHW consumptions of the measurement cycles were: 380  conventional GSHP system application: 4394 dm 3 /day; 381  new developed GSHP system application: 4288 dm 3 /day. 382
The average cumulative heating energy produced and the average cumulative electrical energy consumed by the 383 studied heat pump systems during a 16-hour measurement cycle are presented in Fig. 9 . As presented in Fig. 9 , the 384 conventional heat pump system produced more energy than the new system due to the fact that approximately 2.5% 385 more DHW was heated by the system. The main reason for the higher DHW consumption was the lower pressure loss 386 of the DHW system in the conventional heat pump system configuration. When DHW was consumed according to the 387 time periods presented in Table 2 , e.g. 525 or 960 seconds, higher water volume was flowing through the conventional 388 heat pump configuration due to the lower pressure loss of the DHW connection principle (see Fig. 5 ). In addition, more 389 energy was also produced due to higher accumulator heat losses. Furthermore, the temperature of DHW was 1-4.5 °Clower than the 55 °C temperature requirement with the developed heat pump system during several consumption 391 cycles of the average 16-hour measurement cycle (see Fig. 8 ). An energy efficient control strategy (charging and dis-392 charging cycles of tanks 1 and 2) of the developed GSHP system was used in the measurements of the experimental 393 analysis, which resulted in the situation that the target temperature of DHW was not achieved in all of the 21 consump-394 tion cycles. The main results related to the energy efficiency of the studied heat pump systems are presented in Table 3 . 
402
The new developed system also provides significant improvements in the dynamic operation of the heat pump 403 unit. The average number of start-ups of the compressor decreased by approximately 40% with the new system com-404 pared to the conventional system. In addition, the measured average condensing pressures were approximately 28% 405 lower with the new system. These factors reduce the stress and improve the longevity of the compressor. The average 406 operating times of the compressors and the average evaporating and condensing pressures for both of the studied heat 407 pump applications are presented in Fig. 10 . 408
According to the measurement results of the test cycles, the repeatability of the results was good with both of the 409 studied heat pump systems. The average difference in the measured parameters was 1-3% between the three meas-410 urement cycles. Furthermore, the temperature trends, operating times and the performance data of the measurement 411 cycles followed the trends, data and features presented in Figs. 8-10 and Table 3 
421
Computational analysis 422
The total DHW consumption was selected to be 4288 dm 3 /day according to the laboratory measurements in all of 423 the studied simulation cases. The inlet temperatures of both brine and domestic cold water used in the simulation 424 models were also adjusted to correspond to the temperature data of the experimental analysis. The simulated temper-425 atures of DHW in different simulation cases are presented in Fig. 11 . The simulated temperatures of the DHW storage 426 tanks for the step-based heat pump concept are presented in Fig. 12, respectively. Fig. 12 presents the temperatures of 427 the DHW storage tanks from the regular control strategy simulation case. As in the experimental analysis, the tempera-428 ture set point of the DHW heat storage tank was 60 °C in the conventional heat pump system simulation cases. 429
In general, the simulation results showed good agreement with the measured performance and temperature data 430 of the experimental analysis. As demonstrated in Figs. 11 and 12 , the control strategy of the step-based heating process 431 of DHW has impact on both the outlet temperature of DHW and the energy performance of the heat pump system. Asthe priority of the DHW system is to deliver 55 °C water to occupants, the control strategy should be adjusted and op-433 timized so that the temperature requirement is achieved in all circumstances with as high energy efficiency as possible. 
439
The temperature profiles of tanks 1-4 with the loose and tight control strategies were similar with the temperature 440 profile of the regular control strategy presented in Fig. 12 . The main difference was that the temperatures of the tanks 441 were a little higher with the tight control strategy and a little lower with the loose control strategy, respectively. The 442 heat pump system also responded either faster (tight strategy) or slower (loose strategy) to the reduction in tempera-443 tures of the tanks in order to maintain sufficiently high temperatures to supply 55 °C DHW throughout the simulation 444 period. Tanks 1 (or tank 2 when the heating process is switched), 3 and 4 are connected in series so that the outlet 445 water of tank 1 (or 2) is the inlet water of tank 3 and the outlet water of tank 3 is the inlet water of tank 4, respectively. 446
The outlet water of tank 4 is domestic hot water supplied to the DHW system. There is also a 3-way control valve after 447 tank 4 (see Fig. 5 ) to mix domestic cold water to the outlet water of tank 4, if needed, so that the supply temperature of 448 DHW is 55 °C. 
454
The last simulation case studied a scenario, where a more efficient heat exchanger is used for heating of DHW (see 455 Fig. 5 ). The minimum temperature difference (pinch point) of the counter-flow heat exchanger was reduced to 2.0 K 456 from the original 3.5 K, which resulted in an average of 1.5 °C lower inlet and outlet temperatures (heating/condenser 457 side) of the heat pump unit. According to preliminary estimations based on previous studies and literature, the authors 458 estimated that the overall efficiency of the heat pump unit should increase by approximately 4% due to the lower inlet 459 and outlet temperature levels. The additional simulation case using the calibrated heat pump simulation model was 460 conducted to confirm the estimation and to provide further information on the potential improvements in energy effi-461 ciency and operation of the developed step-based heat pump system concept. The simulation results utilizing the more 462 efficient heat exchanger showed improvements in energy performance of the heat pump system with all the studied 463 control strategies. According to the simulation results, the average improvement in the energy performance of thedeveloped system was approximately +2.1%, when the 1.5 °C lower inlet and outlet temperature levels were applied 465 and other parameters remained unchanged in the simulations. 466 A summary of the simulation results related to the energy efficiency of the studied heat pump systems and control 467 strategies is presented in Table 4 . The heat losses of the DHW storage tanks were also simulated and taken into account 468 in the calculation of the overall energy performance of the systems. The average thermal transmittance of the tank 469 coatings, including the top and bottom parts of the tanks, was 0.2 W/(m 2 K) and the room air temperature, where the 470 storage tanks are located, was set to 21.0 °C in all of the simulation models. 471 472 
474
The primary simulation model calibration was carried out according to the COP-values of the selected Gebwell Tau-475 rus 90 heat pump unit. Further investigations were also conducted to validate, if the operation of the developed simula-476 tion model is accurate and realistic compared to the measured performance of the actual heat pump system studied in 477 the experimental analysis. According to the measurement results of the experimental analysis, the novel step-based 478 GSHP system produced approximately 240 kWh of heating energy during the measurement cycles and consumed ap-479 proximately 64 kWh of electrical energy during the cycles (see Table 3 ), respectively. This results in a 3.75 SPF of the 480 system. The simulated system produced approximately 238 kWh of heating energy and consumed approximately 63 481 kWh of electrical energy with the regular control strategy, resulting in a 3.75 SPF of the system as well. From the energy 482 performance point of view, the simulation model of the developed GSHP system shows very good agreement with the 483 measured performance of the system. The formation of produced heating energy and consumed electrical energy dur-484 ing the simulation period is also similar with the measured energy performance data presented in Fig. 9 . 485
The temperature data of DHW is also similar between the simulated system and the measured actual system (see 486
Figs. 8 and 11). However, a little variation between the simulated and measured systems can be found from the temperature data of the DHW storage tanks 1-4. When the temperature data of the DHW storage tanks is compared during 488 the 16-hour measurement cycles, the following differences can be identified: 489 In addition to the differences in the average temperatures of the DHW tanks, some differences can also be identi-494 fied in the operation of the simulated and the measured GSHP systems. The charging and discharging cycles between 495 tanks 1 and 2 are switched more frequently with the simulated system than with the actual system. In fact, the simulat-496 ed system switches between tanks 1 and 2 in almost every DHW consumption cycle (see Fig. 12 ), whereas the actual 497 system operates with tank 1 for the majority of the measurement cycles (see Fig. 8 ). This is also the main reason why 498 the average temperatures of tanks 1 and 2 are lower with the simulated system compared to the measured tempera-499 ture data of the actual system. The average temperatures of tanks 3 and 4 are much closer to the measured tempera-500 ture data of the experimental analysis, respectively. There are two main factors explaining the difference in the opera-501 tion of the simulated and the actual GSHP systems: 502  the temperature of tank 1 is allowed to decrease a little bit lower during the discharging period in the 503 simulated system. The temperature of tank 1 is decreased to approximately 10-13 °C in majority of the 504 DHW consumption cycles with the simulated system, whereas the temperature of tank 1 is decreased to 505 approximately 18 °C with the measured system of the experimental analysis; 506  the operation of heat pump units equipped with a separate superheat circuit cannot be accurately mod-507 elled with the current version of IDA ICE. While the modelling of heat pump systems is accurate, when en-508 ergy performance and basic operation of the systems are discussed, simulation of systems producing su-509 perheat at 65-75 °C temperature level and condensate at 50-55 °C temperature level simultaneously is not 510 possible by using the default brine-to-water heat pump models included in IDA ICE. The heat pump mod-511 els can be calibrated to correspond to the performance and operation of high temperature heat pump ap-512 plications, but different temperature levels cannot be produced simultaneously in the simulation. This in-513 evitably leads to the situation, where the control actions of the simulated heat pump systems are faster, 514 e.g. switching the charging and discharging cycles between tanks 1-4 with the developed GSHP system ap-515 plication, than the control actions of the corresponding actual heat pump systems. 516 517
Performance analysis in existing buildings 518
The heat pump system has been operating for a little over 6 months since December 2016 and the system has both 519 annual and cumulative energy metering for produced heating energy and consumed electrical energy. The energy me-520 tering consists of the same calibrated Kamstrup measurement equipment as presented in Table 1 . All 140 apartments 521 included in the studied case buildings have been fully occupied since the beginning of April 2017. The measured cumu-522 lative performance data of the GSHP system operating in the case buildings is presented in Tables 5 and 6 . Table 5 pre-523 sents the cumulative performance data and Seasonal Performance Factors on 20.4.2017 and Table 6 presents the cor-524 responding data on 16.6.2017. The SPF of the heat pump units and the overall performance of the system were calcu-525 lated using Eq. (1) and the definition and system boundaries described in section 2.2.1. 526 527 
533
The energy performance of the system is carefully monitored and continuous updates are conducted to optimize 534 both the efficiency and overall operation of the system, as the real dynamic operation of a large scale GSHP system with 535 over 100 apartments differs from a carefully monitored laboratory testing arrangements. Tables 5 and 6 indicate that 536 heat pump unit 2 has been primarily utilized for heating of DHW and heat pump unit 1 has been primarily utilized for 537 heating of room spaces via the hydronic floor heating system. The control strategy for heating of room spaces has been 538 implemented so that heat pump unit 2 will start to heat the room spaces, if the full capacity of heat pump unit 1 is not 539 sufficient to maintain the required supply water temperature of the floor heating system. However, as the heat pump 540 units have been connected in parallel, both of them are required to heat DHW, when higher consumption peaks occur.
Furthermore, the heating priority of the heat pump units can also be switched for autumn so that heat pump unit 1 will 542 be prioritized for heating of DHW and heat pump unit 2 for heating of room spaces to balance the annual operating 543 times of the units. 544
As presented in Tables 5 and 6 , the full potential of the developed system has not been reached yet, when the 545 measured cumulative performance data is compared to the measured performance data of the experimental analysis. 546
The main reason for this is that the installed GSHP system has been prioritized to heat DHW so that there is always 547 DHW available for the occupants and that the 55 °C temperature requirement of the current Finnish building regula-548 tions is also achieved in all circumstances. However, the performance of the studied system will likely improve over 549 time when the charging and discharging cycles of the step-based heating tanks have been optimized, as it takes time to 550 determine a stable and continuous DHW consumption profile in new multi-family apartment buildings with a large 551 number of apartments, where previous DHW consumption data is not available. As the results of the experimental 552 analysis demonstrated, as high as 3.7-3.85 Seasonal Performance Factors are achievable in the heating process of DHW 553 with an optimally controlled GSHP system utilizing the step-based heating of DHW, depending on the specific case con-554 ditions, such as temperatures of domestic cold water and brine inlet. 555
An essential factor affecting the performance of the GSHP systems in real case conditions is the DHW circulation 556 system. In the studied case buildings, the continuous heat demand of the DHW circulation system is approximately 3 557 kW with a high temperature level requirement of 55/50 °C. This means that the heat pump units must also heat tanks 3 558 and 4 of the system separately at regular intervals even though there is no actual DHW consumption, as the total vol-559 ume of tanks 3 and 4 is 1080 dm 3 for the two GSHP units meaning that the temperature of the tanks decreases relative-560 ly fast even when there is no actual DHW consumption occurring, e.g. during night times. 561
Based on the operation of the studied GSHP system so far, the authors estimate that there is approximately a 10% 562 improvement potential in the overall energy performance of the system and approximately 12-15% energy efficiency 563 improvement potential in the heating process of DHW, after the optimum dynamic control strategy has been deter-564 mined and fine-tuned. An important factor of the case study is also to monitor the adequacy of DHW, as one step-based 565 DHW heating concept with 4 tanks has a total volume of 1080 dm 3 , which is sufficient for approximately 50 apartments 566 in typical operating conditions. While there are two step-based systems installed in the case buildings, the total number 567 of apartments is 140, which means that the overall capacity of the installed systems is definitely at the upper limit. This 568 is also the main reason why the overall energy performance of the system has not reached its full potential yet, as the 569 adequacy of DHW has been ensured by maintaining a little higher temperatures in the DHW storage tanks than what 570 would be necessary after a stable DHW consumption profile has been determined and the control strategy of the step-571 based DHW heating process has been optimized. 572
The sewage water heat recovery system installed in the studied buildings also improves the overall energy perfor-573 mance of the GSHP system. The total nominal heat recovery capacity of the system is approximately 16 kW, but it is 574 only achieved when domestic water consumption occurs in the buildings and a significant proportion of the water con-575 sumption is domestic hot water. This means that the energy flow from the waste water heat recovery system is not 576 continuous and it is not occurring during night times. However, as the collected heat is utilized in the brine collector 577 system of the GSHP system, where the average temperature level of the brine is typically below 5 °C, some energy can 578 also be collected from the domestic cold water, e.g. flush water of toilets, flowing through the heat recovery units. This 579 means that the overall efficiency of the sewage water heat recovery system is high, when maximum collected heat 580 energy is discussed. 581
According to the temperature measurements carried out in the GSHP system, the average brine inlet temperature 582 of the system has been approximately 4.5 °C since the commissioning of the system. While the sewage water heat re-583 covery system definitely has some impact on the brine inlet temperature and on the overall performance of the GSHP 584 system, it is difficult to determine the precise effect of the actual heat recovery system on the overall performance of 585 the system, as the heat collected from the heat recovery units is transferred to the boreholes when the GSHP units are 586 off. Furthermore, the groundwater flow inside the boreholes also affects the temperature of the brine meaning that the 587 collected heat of the sewage water heat recovery system might not be fully utilized, as part of the collected heat is 588 transferred to the bedrock due to strong flow of groundwater. In addition, the maximum nominal capacity of the bore-589 holes (16 x 285 m) is approximately 150 kW compared to the 16 kW nominal capacity of the sewage water heat recov-590 ery system, meaning that the sewage water heat recovery system has a relatively low effect on the brine inlet tempera-591 ture, if the GSHP system is operating at full capacity. However, in actual operating conditions the effect of the heat 592 recovery system on the brine inlet temperature is more significant, as the GSHP system rarely operates at full capacity. 593 594 4. Discussion 595
